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A  MODEL  FOR  CALCULATING  COST  OF  EQUIPMENT  DOWNTIME  AND  LACK  OF 
AVAILABILITY  IN  DIRECTORATES  OF  ENGINEERING  AND  HOUSING 


1  INTRODUCTION 


Background 

The  costs  that  arise  when  a  vehicle  or  an  item  of  equipment  fails  can  be  divided  into  two  broad 
categories:  tangible  costs  of  labor,  materials,  and  other  resources  needed  to  repair  the  machine;  and 
intangible  or  consequential  costs  that  arise  because  the  vehicle  failed,  which  affects  the  organization  as 
a  whole.  Tangible  costs  are  fairly  easy  to  record  and  estimate  using  normal  cost  accounting  methods. 
In  contrast,  consequential  costs  cannot  be  assessed  with  any  degree  of  certainty  except  under  very  rigid 
and  well  defined  circumstances.  However,  installation  Directorates  of  Engineering  and  Housing  (DEHs) 
need  to  be  able  to  quantify  the  consequential  costs  of  equipment  failure  and  include  them  in  equipment 
decisions. 

The  basic  tradeoff  in  equipment  management  lies  between  capital  costs  and  operating  inferiority 
where  the  latter  is  defined  to  include  both  the  direct  costs  of  repair  and  the  consequential  costs  arising 
from  the  failure.1 

The  annual  cost  of  interruption  caused  by  component  failure  has  been  defined  as  the  product  of  the 
annual  frequency,  the  average  duration  of  a  failure,  and  the  downtime  cost  per  unit.2  This  definition  is 
suited  to  situations  where  the  equipment  working  on  a  particular  task  is  configured  as  a  single  rigid  system 
and  where  failure  in  one  component  causes  the  whole  system  to  go  down. 

Consequential  costs  have  also  been  assigned  to  a  particular  year  of  equipment  life  on  the  basis  of 
an  estimated  percentage  of  downtime  multiplied  by  the  planned  hours  of  operation  for  the  machine  and 
the  hourly  cost  of  a  replacement  or  rental  machine.3  This  approach  focuses  on  the  failed  machine  alone 
and  disregards  any  effect  the  failure  may  have  on  the  system  as  a  whole. 

A  middle  course  between  these  approaches  defines  consequential  costs  as  the  product  of  the  hourly 
cost  of  the  resources  affected  by  a  failure,  the  time  necessary  to  react  to  a  failure,  and  the  frequency  of 
failure.4  This  approach  relies  heavily  on  the  frequency  of  failure.  It  was  modified  in  1987  to  define 
consequential  costs  as  being  dependent  on  a  failure  cost  profile  reflecting  both  the  environment  within 
which  the  machine  operates  and  the  manner  in  which  the  situation  changes  as  the  failure  duration 
increases.5 

The  progression  from  a  simple,  rigid,  almost  dogmatic  approach  to  a  profile-based  approach  to 
calculating  downtime  costs  reflects  a  growing  concern  for  the  problem  of  quantifying  consequential  costs. 


1  G.  Terborgh,  "Dynamic  Equipment  Policy:  A  MAPI  Study,"  Machinery  and  Allied  Products  Institute  and  Council  for 
Technological  Advancement  (1949),  p  27. 

1  E.  A.  Cox,  "Equipment  Economics,"  Handbook  of  Heavy  Construction,  2nd  ed.,  J.  A.  Havers  and  F.  W.  Stubbs,  Jr.,  Eds. 
(McGraw-Hill,  1971),  pp  7-15. 

J  S.  W.  Nunnally,  Managing  Construction  Equipment  (Prentice-Hall,  1977),  p  226. 

4  M.  C.  Vorstcr,  "A  Systems  Approach  to  the  Management  of  Civil  Engineering  Construction  Equipment"  (Ph.D.  in 
Engineering  research  thesis.  University  of  Stellenbosch,  South  Africa,  June  1980),  p  238. 

*  M.  C.  Vorstcr  and  G.  A.  Scars,  "A  Model  for  Retiring,  Replacing  or  Reassigning  Construction  Equipment,"  Journal  of 
Construction  Engineering  and  Management,  Vol  113,  No.  1  (March  1987),  pp  125-37. 
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Any  approach  is  inherently  subjective.  However,  a  methodology  to  assess  the  dollar  value  of 
consequential  costs  can  bring  some  rigor  to  aspects  of  equipment  management  that  remain  subjective 
despite  advances  in  recording  and  processing  data  pertaining  to  tangible  costs. 

Quantifying  consequential  costs  with  a  reasonable  degree  of  accuracy  can  influence  equipment 
decisionmaking  in  three  ways.  First,  consequential  costs  can  be  considered  alone  as  a  measure  of  the 
organizational  impact  of  the  equipment’s  imperfect  performance.  This  criterion  can  be  used  to  compare 
one  machine  with  another  and  to  identify  members  of  a  fleet  that  merit  special  attention.  Consequential 
costs  can  also  be  used  to  assess  the  effectiveness  of  maintenance  policies  and  procedures.  Effective 
maintenance  operations  should  keep  the  mechanical  quality  of  equipment  at  a  high  level,  thereby  ensuring 
that  consequential  costs  remain  low.  The  balance  between  maintenance  expenditures  and  consequential 
costs  is  thus  a  good  measure  of  maintenance  effectiveness.  Finally,  consequential  costs  can  be  an  input 
to  an  economic  replacement  model.  Adding  them  to  normal  owning  and  operating  costs  gives  a  more 
complete  assessment  of  economic  life.  Consequential  costs  can  add  helpful  information  to  economic  life 
studies  because  they  illustrate  that  neither  costs  nor  economic  life  are  independent  of  the  consequential 
effects  of  downtime  and  lack  of  availability. 


Objective 

The  objective  of  this  research  is  to  develop  a  model  for  quantifying  consequential  costs  of  equipment 
downtime  that  is  tailored  to  the  DEH  on  Army  installations. 


Approach 

A  comprehensive  literature  review  was  undertaken  to  help  define  the  state  of  the  art  in  quantifying 
costs.  Several  papers  referred  to  the  concept  of  consequential  costs  but  did  not  address  cost  quantification 
in  specific  terms.  Articles  of  interest,  but  not  necessarily  of  direct  relevance,  are  listed  as  Uncitcd 
References.  The  literature  search  revealed  that  the  failure  cost  profile  methodology  (discussed  in  the 
Vorster  and  Sears  article)  was  of  greatest  potential  use  in  achieving  the  objective  of  this  research. 

Discussions  with  DEH  personnel  and  their  clients  at  Fort  Meade,  MD,  and  Fort  Lee,  VA,  provided 
insight  into  the  size  and  complexity  of  the  fleets  deployed  at  each  installation  as  well  as  the  operational 
demands  placed  on  each  category  of  equipment  and  vehicles.  The  site  visits  led  to  the  review  of  the 
model  structure. 


Mode  of  Technology  Transfer 

The  algorithms  described  in  this  report  will  be  incorporated  into  a  computer  program  that  will  allow 
DEH  organizations  to  realistically  evaluate  the  consequential  costs  of  equipment  failures  and  unavailability. 
The  program  will  be  available  from  the  U.S.  Army  Construction  Engineering  Research  Laboratory 
(USACERL),  Facility  Systems  Division,  P.O.  Box  4005,  Champaign,  1L  61824-4005.  Researchers  at 
USACERL  are  also  developing  a  fleet  management  expert  that  will  use  these  algorithms  to  help  the  DEHs 
make  equipment  repair  and  replacement  decisions. 
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2  DEH  FLEETS  AND  LAD  COSTS 


Lack  of  Availability  and  Downtime  (LAD)  costs  occur  when  a  machine  breaks  down  during  use  and 
is  unable  to  meet  expected  performance.  These  costs  can  rarely  be  measured,  recorded,  or  allocated  using 
standard  costing  systems.  The  quantification  of  LAD  costs  is  thus  an  estimating  process,  and  any  model 
used  for  this  process  is  a  tool  to  help  managers  estimate  the  LAD  costs  for  a  particular  machine  in  a 
particular  time  period. 

Estimating  tools  rely  on  the  processes  of  grouping  work  items  and  classifying  costs  to  streamline 
procedures.  The  model  developed  in  this  research  is  no  exception.  It  requires: 

1.  Classifying  a  fleet  into  LAD  groups  according  to  the  type  and  main  application  of  the  vehicles 
and  equipment  involved, 

2.  Describing  the  task  being  performed  when  a  failure  occurs  by  articulating  a  number  of  possible 
failure  scenarios  for  each  LAD  group,  and 

3.  Classifying  LAD  costs  into  categories  that  reflect  the  effects  likely  to  result  under  certain 
circumstances. 

The  role  of  LAD  groups,  scenarios,  and  LAD  cost  categories  as  a  framework  for  estimating  LAD 
costs  is  depicted  in  Figure  1 . 


LAD  Groups 

The  fleets  of  vehicles  and  equipment  used  to  support  engineering  operations  on  Army  installations 
arc  both  large  and  complex.  Individual  units  vary  from  small  lawn  mowers  and  other  grounds 
maintenance  equipment  to  large  cranes  and  earthmoving  equipment. 

To  quantify  LAD  costs,  DEH  equipment  is  classified  into  LAD  groups.  A  LAD  group  is  defined 
as  a  given  set  of  machines  or  vehicles  that: 

1.  Work  on  the  same  set  of  tasks  and  thus  incur  the  same  types  of  LAD  costs  when  failure  occurs, 
or 

2.  Work  on  each  task  in  a  given  set  of  tasks  for  the  same  proportion  of  their  total  available  time. 

It  is  probable  that  machines  in  a  given  LAD  group  will  perform  a  variety  of  tasks  (loaders  can  load 
trucks,  blend  material,  and  do  general  cleanup  work),  and  that  different  amounts  of  time  will  be  allocated 
to  each  task. 

A  LAD  group  might  include: 

1.  All  of  an  installation's  dump  trucks  of  similar  size  or  productivity  that  are  deployed  to  carry  out 
a  given  set  of  tasks, 

2.  All  of  an  installation’s  trucks  used  as  mobile  supply  and  resource  vehicles  for  a  given  trade 
doing  maintenance  and  service  tasks,  or 

3.  All  of  an  installation’s  fire  trucks. 
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Figure  1.  The  relationship  between  the  DEH  fleet,  LAD  groups,  scenarios,  and  LAD  cost  categories. 


As  with  any  classification  system,  defining  LAD  groups  requires  striking  a  balance  between  a  large 
number  of  small,  finely-tuned  groups  and  a  smaller  number  of  groups  whose  membership  may  not  be 
precisely  similar. 


Scenarios 

The  ability  to  estimate  LAD  costs  depends  on  the  ability  to  describe  what  is  likely  to  happen  when 
a  failure  occurs.  Scenarios  must  be  articulated  to  describe  the  task  and  what  happens  when  a  member  of 
a  given  LAD  group  breaks  down.  The  scenarios  will  facilitate  analysis  and  provide  a  static  background 
that  the  cost  effects  of  the  described  failure  can  be  assessed  against. 

The  equipment  and  vehicles  in  a  LAD  group  frequently  perform  more  than  one  task,  and  frequently 
fail  under  different  circumstances.  Thus,  more  than  one  failure  scenario  may  apply  to  a  given  LAD  group. 
The  percentage  of  time  spent  or  work  done  by  members  of  a  LAD  group  under  a  given  scenario  may  need 
to  be  assessed.  A  weighting  factor  can  then  be  developed  to  apply  to  each  scenario  so  LAD  costs  can  be 
weighted  and  added  later. 

It  must  be  emphasized  that  the  scenarios  do  not  play  a  role  in  computing  LAD  costs  and  serve  only 
to  provide  a  predefined  description  of  a  situation  as  a  background  for  the  estimating  process. 


LAD  Cost  Categories 

Providing  a  mechanism  to  estimate  the  cost  of  the  various  possible  effects  in  a  given  scenario 
requires  defining  several  LAD  cost  categories.  Initially,  project  researchers  envisioned  only  two 
classifications.  More  classifications  were  developed  after  the  site  visits.  The  classifications  finally 
adopted  were: 

1.  Associated  Resource  Impact  (ARI)  Costs.  ARI  costs  arise  from  the  effect  of  a  unit’s  failure  on 
the  productivity  of  associated  resources  and/or  units.  They  usually  occur  shortly  after  the  failure,  are 
directly  related  to  the  failure  that  just  occurred,  and  are  proportional  to  the  number  of  failures.  For 
example,  a  driver  loses  productive  time  when  a  truck  breaks  down,  and  a  mechanic’s  scheduled  work  is 
disrupted  to  attend  to  a  failure.  ARI  costs  also  include  those  costs  that  occur  when  a  failure  in  one 
machine  affects  the  productivity  of  another.  Loss  in  productivity  of  a  truck  when  a  loader  fails,  and  loss 
in  productivity  of  a  loader  when  one  of  the  trucks  it  is  loading  fails  are  additional  examples  of  ARI  costs. 

2.  Lack  of  Readiness  (LOR)  Costs.  LOR  costs  are  penalty  costs  assessed  when  an  item  that  should 
be  constantly  available  is  not.  Fire  trucks  and  ambulances  are  examples  of  such  items.  Because  this  cost 
is  assessed  whenever  the  item  is  unavailable,  regardless  of  whether  it  is  actually  in  demand,  it  motivates 
personnel  to  keep  equipment  on  the  ready  line. 

3.  Service  Level  Impact  (SLI)  Costs.  SLI  costs  relate  to  groups  of  similar  vehicles  that  form  a 
common  pool  of  resources  needed  to  perform  a  certain  service.  SLI  costs  result  when  one  or  more 
vehicles  in  the  pool  breaks  down  and  thereby  depletes  the  pool  to  the  extent  that  the  other  vehicles  must 
work  in  a  more  costly  manner  so  that  resources  are  available  to  maintain  a  specified  operational  demand. 
Downtime  on  one  of  three  refuse  trucks,  which  causes  the  other  two  to  work  overtime  to  maintain  the 
service  level,  is  an  example  of  SLI  costs. 

4  Alternate  Method  Impact  (AMI)  Costs.  AMI  costs  occur  when  the  failure  and  continuing 
downtime  of  a  given  machine  forces  a  change  from  an  optimum  to  less  than  optimum  method  and  thereby 
causes  the  organization  to  incur  additional  cost.  For  example,  AMI  costs  result  when  a  loader  and  trucks 
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ate  used  in  place  of  a  more  efficient,  but  failed,  motor  scraper,  and  when  standard  vehicles,  rather  than 
customized,  more  efficient  vehicles  are  used  to  collect  refuse.  AMI  costs  usually  occur  only  after  an 
extended  period  of  downtime  and  frequently  involve  specific  expenditures  associated  with  mobilizing  and 
demobilizing  the  resources  needed  for  the  alternate  method. 

Machines  in  a  given  LAD  group  working  under  a  given  scenario  are  unlikely  to  incur  LAD  costs 
under  all  four  LAD  cost  categories.  ARI  costs  are  very  likely  to  occur  in  every  instance  to  reflect,  at  least, 
the  impact  of  the  failure  on  the  driver  or  operator.  LOR  costs  occur  if  some  sort  of  penalty  should  apply 
when  a  productive  resource  is  unable  to  respond  to  an  operational  demand  regardless  of  whether  it  is 
actually  needed.  Whether  SLI  or  AMI  costs  occur  depends  on  the  characteristics  of  the  LAD  group  and 
the  scenario  under  consideration. 
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3  THE  LAD  COST  MODEL 


The  LAD  Cost  Model  is  an  estimating  tool  designed  to  help  estimate  the  LAD  costs  over  a  given 
time  period  for  a  particular  machine  and  for  a  LAD  group  as  a  whole.  The  definition  of  LAD  groups,  the 
description  of  the  scenarios,  and  the  input  parameters  needed  to  estimate  each  LAD  cost  category  create 
an  estimating  environment  that  draws  on  data  unique  to  a  particular  machine  and  on  the  operating 
conditions  unique  to  each  DEH.  The  model  can  be  implemented  on  a  microcomputer  using  any  of  several 
popular  programmable  database  products.  As  in  most  computer  programs,  successful  implementation 
relics  on  the  ability  of  programmers  to  create  an  intuitive  environment  for  users. 

This  chapter  describes  the  data  necessary  to  support  the  model,  and  the  algorithms  for  calculating 
LAD  costs  from  this  data. 


LAD  Group  and  Equipment  Item  Information  Requirements 

LAD  Group  Definitions 
Each  LAD  group  is  described  as  follows: 

1.  An  identifying  code  (no  mere  than  5  characters)  and/or 

2.  An  optional  longer  description  (50  characters  should  suffice). 

Equipment  Item  Definitions 

Equipment  items  are  defined  and  assigned  to  each  LAD  group.  Each  equipment  item  is  described 
by: 


1.  An  identifying  code  such  as  a  serial  number  or  license  plate  number. 

2.  Any  optional  information  to  enhance  the  description  such  as  make,  manufacturer,  or  year.  This 
data  is  not  essential  to  operation  of  the  model  and  would  be  used  solely  to  enhance  outputs  and  reports. 

3.  The  LAD  group  to  which  the  item  belongs. 

Equipment  Item  Performance  Data 

Data  describing  each  item’s  previous  or  projected  future  performance  wdl  include: 

Wj  =  number  of  hours  the  ith  item  is  in  use  during  the  study  period 

D,  =  number  of  hours  during  the  study  period  the  ilh  item  is  unavailable  due  to  breakdowns 

Vj  =  number  of  times  the  i*  item  breaks  down  during  the  study  period. 

The  study  period  dictates  the  model’s  output.  If  the  in-use  hours,  hours  unavailable  due  to  breakdown, 
and  number  of  breakdowns  reflect  values  for  some  previous  time  period,  the  output  from  the  model 
evaluates  the  LAD  costs  for  that  time  period.  If  these  items  arc  projections  lor  some  future  time  period, 
then  the  model’s  output  predicts  LAD  costs  for  that  future  period. 
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Scenario  Descriptions 


Each  LAD  group  requires  one  or  more  scenarios  (i.e.,  tasks)  under  which  its  items  operate.  The  data 
items  describing  each  scenario  arc  (1)  an  identifying  code,  (2)  an  optional  textual  description,  and 
(3)  the  percentage  of  operating  time  spent  on  the  task  by  each  member  of  the  LAD  group.  A  logical 
extension  of  the  model  would  allow  each  item  to  have  its  own  percentage  assignments  among  its  LAD 
group’s  scenario. 

Each  scenario  requires  entering  cost  estimating  parameters  for  one  or  more  of  the  four  LAD  cost 
classifications  (Associated  Resource  Impacts,  Lack  of  Readiness,  Service  Level  Impact,  and  Alternate 
Method  Impact).  The  classifications  are  discussed  in  the  following  sections. 


Associated  Resource  Impact  (ARI)  Costs 

ARI  costs  arise  from  the  effect  of  the  unit’s  failure  on  the  productivity  of  associated  resources  and/or 
units.  The  parameters  for  calculating  ARI  costs  apply  to  a  given  LAD  group  working  under  a  given 
scenario.  ARI  costs  for  a  particular  machine  in  the  LAD  group  are  calculated  from  performance  data 
unique  to  the  machine  and  the  ARI  parameters  for  the  machine’s  LAD  group. 

ARI  costs  have  been  defined  as  costs  that  occur  as  a  direct  result  of  a  failure.  Figure  2  shows  the 
accumulation  of  ARI  costs  along  a  time  line  stretching  from  the  point  where  the  failure  occurs  and  normal 
operations  cease  (C)  to  the  point  where  normal  operations  resume  (R).  Each  associated  resource  is 
affected  differently  by  a  failure  and  thus  will  have  its  own: 

1.  Impact  lag  (profile  CL  in  Figure  2).  This  is  the  period  from  the  time  of  the  failure  to  the  start 
of  the  impact  on  the  resource.  For  certain  types  of  resources,  such  as  the  driver  of  a  failed  truck,  this  lag 
period  will  be  very  short.  For  other  resources,  this  lag  will  be  relatively  long,  as  when  a  bulldozer  fails 
and  affects  a  loader  that  is  loading  material  stockpiled  by  the  bulldozer. 

2.  Impact  duration  (profile  CD  in  Figure  2).  This  is  the  time  from  the  failure  to  the  end  of  the 
impact  on  the  resource.  The  impact  duration  can  be  equal  to  the  total  duration  of  the  impact  (CR)  if 
replanning  is  not  possible.  On  the  other  hand,  the  impact  duration  will  be  substantially  shorter  if  resources 
can  be  reassigned  during  the  period  affected  by  the  failure. 

3.  Impact  period  (profile  LD  in  Figure  2).  This  is  the  time  during  which  ARI  costs  accumulate. 

4.  Cumulative  cost  profile  (profile  LMNO  in  Figure  2).  This  defines  how  the  accumulated  impact 
cost  on  an  associated  resource  grows  as  the  impact  period  increases.  The  profile  LMNO  in  Figure  2 
shows  that  an  impact  of  duration  LD  yields  a  cost  of  $Y(d). 

The  cost  accumulation  curve  depends  on  the  number  of  associated  resources  affected  during  each 
portion  of  the  impact  period,  and  the  extent  to  which  they  arc  affected.  Thus,  for  the  associated  resources, 
the  cost  per  hour  per  associated  resource  when  working,  the  cost  per  hour  per  associated  resource  when 
idle,  and  the  number  of  resources  affected  are  all  required.  Once  these  arc  specified,  the  program 
completes  a  table  or  screen  similar  to  Figure  3. 
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Figure  2.  Time  line  illustrating  occurrence  of  ARI  costs. 


Figure  3.  Input  parameters  for  estimating  ARI  costs. 


The  answers  to  two  questions  help  establish  the  impact  duration. 

1.  Will  replanning  eliminate  the  impact  of failure  on  this  resource  within  the  day,  if  failure  occurs 
early  enough  within  the  day? 

In  this  case,  an  estimate  of  the  impact  lag  and  the  impact  period  (or  duration)  is  required.  The 
cumulative  cost  profile  covers  the  period  from  the  start  to  the  end  of  the  estimated  impact  period.  In  this 
situation,  the  capability  exists  to  bring  in  a  replacement  for  the  failed  item  relatively  quickly.  The 
expected  ARI  cost  for  a  failure  under  this  scenario  is  calculated  by  assuming  that  the  failure  is  equally 
likely  to  occur  at  any  hour  of  the  workday. 

If  the  answer  to  this  question  is  no,  then  the  next  question  to  ask  is: 

2.  Will  the  impact  of  the  failure  on  this  resource  terminate  at  the  end  of  the  day? 

If  yes,  normal  operations  can  be  resumed  at  the  start  of  the  next  working  day.  In  this  case,  the 
cumulative  cost  profile  starts  at  the  end  of  any  impact  lag  and  continues  to  the  end  of  the  workday.  The 
expected  ARI  cost  for  a  failure  under  this  scenario  also  assumes  that  the  failure  is  equally  likely  to  occur 
at  any  hour  of  the  workday. 

If  the  answer  to  this  question  is  no,  then  the  effects  of  the  failure  can  last  beyond  the  end  of  the 
workday.  The  following  workday  estimates  are  required: 

•  the  impact  lag, 

•  the  most  optimistic  duration  (i.e.,  the  shortest  it  will  ever  be),  designated  t,, 

•  the  most  likely  duration,  designated  tj,  and 

•  the  most  pessimistic  duration  (i.e.,  the  longest  it  will  ever  be),  designated  t3. 

The  three  estimates  for  the  duration  arc  used  to  calculate  the  parameters  of  a  generalized  beta 
distribution.6  Normalize  the  three  estimates  with  the  equation: 

=  Mi^Mi)  =>  U;  =  Oj  u3  =  1  [Eq  1] 

Use  these  normalized  estimates  to  calculate  estimates  for  the  mean  (p)  and  variance  (o2)  of  the  resulting 
beta  distribution  for  the  normalized  variables: 

p  =  (u,+4u2+u3)/6  [Eq  2] 

a2  =  [(u3-u,)/6]2  =>  o2  =  1/36  [Eq  3] 

(These  estimates  of  the  mean  and  variance  of  the  beta  distribution,  used  in  most  PERT  applications,  imply 
an  assumption  that  the  standard  deviation  is  one-sixth  of  the  range  between  the  maximum  and  minimum 
durations.7) 


*  G.  J.  Hahn  and  S.  S.  Shapiro,  Statistical  Models  in  Engineering  (John  Wiley  and  Sons,  1967),  pp  91-96. 

7  J.  M.  Antill  and  R.  W.  Woodland,  Critical  Path  Methods  in  Construction  Practice,  3rd  cd.  (John  Wiley  and  Sons,  1982), 
pp  301-02;  L.  A.  Swanson  and  Harold  Pazcr,  PERTSIM  Test  and  Simulation  (International  Textbook  Company,  1969) 

p  11. 
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Calculate  the  parameters  of  the  the  beta  distribution  for  the  normalized  variables: 

(l-HXpq-iO-o2] 

a - 52 

B  =  -PSL 

l-^i 


[Eq  4] 
[Eq  5] 


Numerically  integrating  the  product  of  the  resulting  generalized  beta  distribution  with  the  cumulative  cost 
profile  produces  the  expected  ARI  costs  for  a  single  failure  of  an  item  for  the  subject  LAD  group. 
Multiplying  the  cost  of  a  single  failure  by  the  number  of  failures  for  an  item  produces  the  ARI  cost  for 
the  item  of  the  LAD  group  during  the  study  period.  Note  that  other  distributions  can  be  used  if  available 
information  dictates. 


Lack  of  Readiness  (LOR)  Costs 


LOR  costs  are  penalty  costs  assessed  for  an  equipment  item,  typically  emergency  equipment,  not 
available  for  service.  The  penalty  charges  start  accumulating  after  an  impact  lag  (which  may  be  zero). 
Figure  4  illustrates  this.  The  failure  occurs  at  Point  C;  CL  represents  the  impact  lag;  CD  represents  the 
impact  duration;  and  penalties  accumulate  during  LD,  the  impact  period.  The  cumulative  cost  profile  is 
fairly  straightforward  in  that  LOR  costs  relate  only  to  machines  in  the  LAD  group  under  study  and  have 
nothing  to  do  with  any  other  resources.  The  profile  starts  at  point  L  and  has  a  uniform  slope  proportional 
to  a  penalty  cost  per  hour  that  reflects  the  losses  arising  from  the  inability  of  a  productive  asset  to  respond 
to  operational  demands. 


Since  the  cumulative  cost  profile  is  linear,  the  following  formula  can  be  used  to  calculate  the  LOR, 
costs  for  the  i*  item  over  a  given  time  period: 


LORj  =  P  x  [(D,  -  (V*  x  H» 


[Eq  6] 


where  P 
Di 
Vi 

H 


lack  of  readiness  penalty  cost  in  $/hour 

number  of  hours  during  the  study  period  the  i01  item  is  unavailable  due  to  breakdowns 
number  of  times  the  i*  item  breaks  down  during  the  study  period 
impact  lag  in  hours. 


Service  Level  Impact  (SLI)  Costs 

SLI  costs  occur  when,  in  a  pool  of  similar  vehicles  performing  a  certain  service,  lack  of 
reliability  in  one  or  more  pool  members  causes  the  others  to  work  in  a  more  costly  manner  to  maintain 
the  required  level  of  service.  The  common  pool  of  resources  from  which  a  certain  level  of  service  is 
demanded  corresponds  to  a  LAD  group.  When  quantifying  SLI  costs  for  one  member  of  the  group, 
consider: 


1.  The  number  of  vehicles  needed  to  satisfy  operational  demands  under  normal  conditions, 

2.  The  probability  that  a  certain  number  of  vehicles  will  be  available  in  any  single  day  given 
the  overall  availability  of  each  member  in  the  LAD  group,  and 

3.  The  costs  of  the  actions  taken  to  ensure  that  the  service  level  is  maintained  when  the 
number  in  service  falls  below  that  required  to  satisfy  operational  demands. 
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Time  from  failure  to  end  of  penalty.  Equals  downtime. 


This  analytically  complex  problem  is  best  addressed  with  a  Monte  Carlo  situation  model,  which 
operates  as  follows: 

The  number  of  equipment  items  in  the  LAD  group,  n,  is  known  from  the  LAD  group  and  equipment 
item  definitions.  Other  items  that  must  be  input  are: 

•  the  number  of  items,  m,  required  to  maintain  normal  service,  and 

•  the  cost  per  day,  cK,  if  only  x  >  n-m  items  are  down. 

A  downtime  ratio,  Zj,  for  each  of  the  n  members  of  the  LAD  group  (i  =  1 ,  2 . n)  is  calculated  using 

the  formula 


Zi  "(D.+'W.) 


[Bq  7) 


where  D,  =  number  of  hours  during  the  study  period  the  i*  item  is  unavailable  due  to  breakdowns 
W;  =  number  of  hours  the  i1*1  item  is  in  use  during  the  analysis  period. 

Both  Dj  and  W;  are  given  for  each  group  member. 

The  downtime  ratios  of  the  individual  machines  in  the  LAD  group  are  used  to  simulate  two  results: 


1.  P(x),  the  probability  of  having  x  =  1  .  .  .  n  items  in  the  LAD  group  down  and  incapable  of 
working  in  any  day:  and 

2.  P(ilx),  the  conditional  probability  that  item  i  is  down,  given  that  x  items  are  down  that  day.  For 
example,  P(2I4)  =  .4  means  that  when  four  items  are  down,  item  2  will  be  down  40  percent  of  the  time. 
In  other  words,  when  four  items  are  down,  40  percent  of  item  2  is  down.  The  sum  of  the  P(ilx)  over  i 
for  a  given  x  equals  x. 

The  expected  SLI  cost  for  item  i  on  a  day  when  x  items  are  down  is 


SLI*  =C-a..P(1.l-x)- 
“  x 


[Eq  8] 


The  expected  daily  SLI  cost  for  item  i  is  therefore  given  by 


SLI(  =  I  SLI*  P(x) 


[Eq  9] 


Alternate  Method  Impact  (AMI)  Costs 

AMI  costs  result  when  the  failure  and  continuing  downtime  of  an  item  in  a  LAD  group  forces  a 
change  in  the  method  used  to  carry  out  he  work  described  in  the  scenario.  The  change  is  assumed  to  be 
from  an  optimal  to  a  less  than  optimal  method.  Thus,  the  organization  suffers  a  consequential 
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cost  proportional  to  the  cost  differential  between  the  methods  and  the  quantity  of  work  done  under  the  less 
favorable  circumstances. 

Figure  5  illustrates  the  accumulation  of  AMI  costs.  C  and  R  represent  the  points  where  normal 
operations  cease  and  resume;  CL  shows  the  time  lag  from  the  time  of  failure  to,  in  this  case,  the  time  of 
introduction  of  the  alternate  method;  and  CD  shows  the  impact  duration.  The  cumulative  cost  profile  is 
essentially  the  same  as  that  for  the  LOR  cost  module,  except  for  the  following  characteristics  of  the 
cumulative  cost  profile: 

•  A  vertical  step  (LM)  appears  initially  to  reflect  the  setup  costs  associated  with  mobilizing  the  new 
method. 

•  The  slope  of  the  profile  in  the  range  M  to  N  is  proportional  to  the  cost  and  production  differential 
between  the  methods. 

•  A  seernd  vertical  step  (NO)  is  included  at  the  end  to  reflect  the  cost  of  breaking  down  or 
demobilizing  the  new  method. 

In  practice,  the  mobilization  and  demobilization  of  an  alternate  method  occur  only  for  severe 
failures.  Thus,  a  mobilization  percentage  is  used  to  reflect  the  proportion  of  failures  relative  to  all  failures 
for  which  mobilization  and  demobilization  occur. 


The  linear  nature  of  the  cumulative  cost  profile  between  M  and  N  and  the  use  of  a  mobilization 
percentage  makes  it  possible  to  calculate  AMI  costs  for  item  i  as  follows: 

AMIj  =  S  x  Q  x  (D;  -  (L  x  Vj))  +  ViXMp  (Mz  +  Dz)  [Eq  10] 


where  AMI* 
S 
D, 
Q 

Vi 

H 

Mp 

Mz 

Dz 


Alternative  Method  Impact  Costs  for  item  i  in  the  study  period 
cost  surcharge  in  $/unit  caused  by  the  alternative  method 

number  of  hours  during  the  study  period  the  i01  item  is  unavailable  due  to  breakdowns 
quantity  produced  in  units  per  hour  by  the  alternative  method 
number  of  times  the  i*  item  breaks  down  during  the  study  period 
impact  lag  in  hours 
mobilization  percentage 
cost  of  mobilization 
cost  of  demobilization. 


Because  the  model  provides  the  mechanisms  needed  to  quantify  several  forms  of  consequential  costs, 
it  can  model  various  situations.  However,  it  is  complex.  Accuracy  beyond  a  certain  level  can  be  attained 
only  through  disproportionate  amounts  of  complexity,  as  Figure  6  illustrates.  In  developing  the  model, 
every  increase  in  complexity  has  been  checked  to  ensure  that  it  produces  a  meaningful  and  relevant 
improvement  in  potential  accuracy. 
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Impact  Duration. 

Time  from  failure  to  end  of  alternate  method.  Equals  downtime i 


Figure  6.  Relationship  between  complexity  and  the  potential  for  accuracy. 


Discussion  regarding  the  level  of  complexity  of  the  model  must  be  blended  with  discussion 
regarding  the  level  at  which  the  complexity  in  the  model  is  implemented  in  the  field.  Three  possible 
implementation  strategies  are: 

•  Implementation  in  breadth  where  certain  parameters  are  neglected  and  LAD  costs  are  estimated 
for  a  large  portion  of  a  fleet  by  implementing  the  model  at  a  low  level  of  complexity. 

•  Implementation  in  depth  where  a  high  level  of  accuracy  is  required  in  a  relatively  small  portion 
of  the  fleet. 

•  Total  implementation  at  a  high  level  of  detail  for  all  or  most  of  the  fleet. 

The  model  can  accommodate  any  of  the  above  three  implementation  strategies.  Choice  of  strategy 
depends  on  the  use  and  value  of  the  information  the  model  can  produce,  the  ability  to  quantify  the 
required  estimating  parameters,  and  the  availability  of  the  monthly  data.  Figure  7  illustrates  possible 
strategies. 

The  estimating  parameters  required  for  each  LAD  cost  category  and  each  scenario  appear  numerous 
and  complex.  Quantifying  the  value  for  each  parameter  must  be  done  in  consultation  with  the  individual 
or  organization  affected  by  the  impact  on  the  scenario.  Repetition  and  practice  will  help,  but  remember 
that  the  whole  concept  of  consequential  cost  is  not  amenable  to  exact  solution. 

The  complexity  of  the  input  parameters  and  the  overall  structure  of  the  model  has  resulted  in 
limiting  the  monthly  data  requirements  to  three  elements: 

V  =  number  of  times  a  machine  breaks  down  and  disrupts  planned  operations  in  a  month 

D  =  number  of  hours  a  machine  is  broken  down  and  unable  to  respond  to  operational  demands  in 
a  month 

W  =  number  of  hours  a  machine  works  during  a  month. 

Although  these  requirements  are  not  numerous,  monthly  data  must  be  available  in  order  to 
implement  the  model. 
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Figure  7.  Implementation  strategy. 


4  SUMMARY  AND  RECOMMENDATIONS 


The  LAD  Cost  Model  developed  during  this  research  is  a  tool  designed  to  help  the  DEH  estimate 
consequential  costs  over  a  given  time  period  for  a  particular  machine  and  for  a  LAD  Group  as  a  whole. 
It  also  represents  a  significant  step  toward  the  rational  quantification  of  consequential  costs  by  proposing 
several  forms  of  consequential  costs  and  quantifying  the  consequential  costs  associated  with  lack  of 
availability  and  downtime  in  a  particular  operating  environment. 

A  computer  program  is  being  written  to  enable  users  to  easily  input  the  large  number  of  parameters 
and  estimates.  The  model  should  be  field-tested  under  controlled  conditions  and  modified  in  response  to 
user  reactions. 

Eventually,  the  model  should  be  integrated  with  an  equipment  management  database  system. 
Integration  will  allow  automatic  entry  of  unit  descriptions  and  actual  failure  durations,  an  integrated  report- 
generating  capability,  and  most  important,  consideration  of  LAD  information  in  deciding  when  to  replace 
equipment. 


CITED  REFERENCES 


Antill,  J.  M.  and  R.  W.  Woodhead,  Critical  Path  Methods  in  Construction  Practice,  3rd  cd.  (John  Wiley  and  Sons, 
1982),  pp  301-02. 

Cox,  E.  A.,  "Equipment  Economics,"  Handbook  of  Heavy  Construction,  2nd  ed.,  J.  A.  Havers  and  F.  W.  Stubbs,  Jr., 
Eds.  (McGraw-Hill,  1971),  pp  7-15. 

Hahn,  G.  J.  and  S.  S.  Shapiro,  Statistical  Models  in  Engineering  (John  Wiley  and  Sons,  1967),  pp  91-96. 

Nunnally,  S.  W„  Managing  Construction  Equipment  (Prentice-Hall,  1977),  p  226. 

Swanson,  L.  A.,  and  Harolc  Pa7.er,  PERTSIM  Test  and  Simulation  (International  Textbook  Company,  1969)  p  11. 

Terborgh,  G.,  "Dynamic  Equipment  Policy:  A  MAPI  Study,"  Machinery  and  Allied  Products  Institute  and  Council 
for  Technological  Advancement  (1949),  p  27. 

Vorster,  M.  C.,  "A  Systems  Approach  to  the  Management  of  Civil  Engineering  Construction  Equipment"  (Ph.D.  in 
Engineering  research  thesis,  University  of  Stellenbosch,  South  Africa,  June  1980),  p  238. 

Vorster,  M.  C.  and  G.  A.  Sears,  "A  Model  for  Retiring,  Replacing  or  Reassigning  Construction  Equipment,"  Journal 
of  Construction  Engineering  and  Management,  Vol  113,  No.  1  (March  1987),  pp  125-37. 


UNCITED  REFERENCES 

Bean,  J.  C.,  J.  R.  Lohmann  and  R.  L.  Smith,  "Optimal  Equipment  Replacement  Strategics"  (Final  Report,  prepared 
for  U.S.  Department  of  Transportation  Urban  Mass  Transportation  Administration,  Washington.  D.C.,  May 
1986). 

Beck,  T.  L.,  "Computer  Assisted  Maintenance,"  Forest  Industries  (February  1986),  p  27. 


24 


Bert,  K.,  "Replacement  Analysis,"  Part  1  of  the  Equipment  Management  Manual  (APWA  Research  Project  70-1) 
(American  Public  Works  Association,  Chicago,  Ill.,  September  1975). 

Christer,  A.  H.  and  W.  M.  Waller,  "An  Operational  Research  Approach  to  Planned  Maintenance:  Modeling  PM  for 
a  Vehicle  Fleet,”  Journal  of  Operational  Research  Society,  Vol  35  (August  1984),  p  967 

Cross,  R.,  "Ten  Steps  to  Better  Maintenance,"  Commercial  Carrier  Journal  (September  1988),  p  91. 

Derks,  R.  P.,  "By  the  Book,"  Equipment  Management  (June  1988),  pp  39-41. 

Douglas,  J.,  "Construction  Equipment  Policy,"  Construction  Engineering  and  Management  (McGraw-Hill,  1975). 

Douglas,  J.,  Construction  Equipment  Policy:  The  Economic  Life  of  Equipment,  Technical  Report  No.  61  (Stanford 
University,  July  1986). 

Douglas,  J.,  "Equipment  Costs  by  Current  Methods,"  Journal  of  the  Construction  Division,  Vol  104,  No.  C02 
(American  Society  of  Civil  Engineers  [ASCE],  June  1978). 

Douglas,  J.,  "Optimum  Life  of  Equipment  for  Maximum  Profit,"  Journal  of  the  Construction  Division,  Vol  94,  No. 
C01  (ASCE,  January  1968). 

Drinkwatcr,  R.  W.  and  N.  A.  J.  Hastings,  "An  Economic  Replacement  Model,"  Operational  Research  Quarterly, 
Vol  18,  No.  2  (1967). 

Goyal,  S.  K.  and  M.  I.  Kusy,  "Determining  Economic  Maintenance  Frequency  for  a  Family  of  Machines,”  Journal 
of  Operational  Research  Society,  Vol  36,  No.  12  (December  1985). 

Hagenbuch,  L.,  "Computer  Integrated  Mobile  Equipment  Operation  (CIMEO)  and  the  Future  for  Implementation  of 
Such  in  the  Earthmoving  and  Mining  Industries,"  SAE  Technical  Paper  Senes  (Earthmoving  Industry 
Conference,  Peoria,  Ill.,  1988). 

Hastings,  N.  A.  J.,  "The  Repair  Limit  Replacement  Methods,"  Operational  Research  Quarterly,  Vol  20,  No.  3 
(September  1969). 

Japan  Institute  of  Plant  Maintenance  "Total  Productive  Maintenance,"  Plant  Engineering  (March  13,  1986),  pp  1 19- 

22. 

Kershaw,  R.  J.  and  R.  Robertson,  "Condition-Based  Maintenance  Program  Increases  Production,  Reduces  Costs," 
Paper  Trade  Journal  (February  1987),  pp  34-36. 

Kittncr,  E.  H.,  "Measuring  Small  Plant  Performance,"  Readings  in  Maintenance  Management,  B.  Lewis  and  L.  Tow, 
Eds.  (Cahners  Books,  1973). 

Mater,  M.  H.  and  M.  S.  Mate:,  "Preventive  Maintenance:  Key  to  Profitability,"  Forest  Industries  (November  1987). 

Pcrcra,  A.,  "Optimum  Cost  Maintenance:  Corrective  Vs.  Preventive  Action,"  Machine  Design  (June  20,  1985),  p 
101. 

Pottingcr,  K.  and  A.  Sutton,  "Maintenance  Management:  An  Art  or  a  Science?,"  Maintenance  Management 
International,  Vol  13,  No.  4  (1983),  pp  251-56. 

Pricl,  V.  Z.,  Systematic  Maintenance  Organization  (McDonald  &  Evans,  1974). 


25 


Rangnekar,  S.  S.,  "Effect  of  Inflation  on  Equipment  Replacement  Policy,"  Opsearch,  Vol  4,  No.  4  (1987). 

Rapp,  B.,  "Models  for  Optimal  Investment  and  Maintenance  Decisions"  (Almqvist  &  Wiksell,  1974). 

Saunders,  C.  J.  and  J.  Kirk,  "O.R.  in  the  Company  Car  Fleet:  When  Simple  is  Efficient,"  Journal  of  Operational 
Research  Society,  Vol  36,  No.  8  (August  1985),  p  713. 

Schmidt,  R.,  "Computerized  Fleet  Analysis  Improves  Budgeting,"  Public  Works  (November  1987),  p  102. 

Turban,  E.,  "The  Use  of  Mathematical  Models  in  Plant  Maintenance  Decision  Making,"  Management  Science,  Vol 
13,  No.  6  (1967),  pp  342-58. 

United  States  Department  of  Defense,  "Life  Cycle  Costing  Procurement  Guide"  (Interim  Report,  Department  of 
Defense,  1970). 

United  States  Department  of  Transportation,  "Bus  Fleet  Management  Techniques  Guide,"  Report  No.  OK-1 1-0004 
(Urban  Mass  Transportation). 

Vorster,  M.  C.,  "Capital  Consumption  and  Support  Costs:  A  Logistics  Approach  to  Equipment  Economics," 
Proceedings  of  the  Sixth  Quinquennial  Convention  of  South  African  Institution  of  Civil  Engineers  (Durban, 
South  Africa,  1978). 

Vorster,  M.  C.,  "Management  Logistics,"  Proceedings  of  the  CIB  W-65  Second  Symposium  on  Organization  and 
Management  of  Construction,  Vol  III  PIV-127  (Haifa,  Israel,  1978). 

Vorster,  M.  C.,  "The  Use  of  Machine  Age  Periods  to  Measure  Effectiveness  in  Maintenance  Programs,"  SAE 
Technical  Paper  Series  (Earthmoving  Industry  Conference,  Peoria,  Ill.,  1988). 

Whang,  K.  S„  A.  Moore  and  G.  Perez,  "Facility  Cost  Simulation  Models:  A  Basis  for  Replacement  Policy," 
Technical  Report  P-89/01/ADA201649  (U.  S.  Army  Construction  Engineering  Research  Laboratory,  October 
1988). 

Zurringen,  J.  A.  and  J.  W.  Schmidt,  "Preventive  Maintenance  on  Trial:  Operators  Make  the  Difference," 
Construction  Contracting  (November  1979). 


26 


USACERL  DISTRIBUTION 


Chief  of  Engineer* 

ATTN:  CEHEC-IM-LH  (2) 

ATTN:  CEHECIM-LP  (2) 

ATTN:  CERD-L 

CEHSC 

ATTN:  CEHSC-ZC  22060 
ATTN:  CEHSC-F  22060 
ATTN:  CEHSC-TT-F  22060 
ATTN:  DBTIU  79906 
ATTN:  CHHSC  PB  I  22060 

US  Army  Engineer  Districts 
ATTN:  Library  (41) 

US  Army  Engr  Divisions 
ATTN:  Library  (14) 

US  Army  Europe 

ODCS/Engmeer  09403 
ATIN:  AEAEN-FE 
ATTN:  AEAEN-ODCS 
V  Corps 

ATTN:  DEH  (11) 

VII  Corps 
ATTN:  DEH  (16) 

21st  Support  Command 
ATTN:  DEH  (12) 

USA  Berlin 
ATTN:  DEH  (9) 

Allied  Command  Europe  (ACE) 

ATTN:  ACSGEB  09011 
ATTN:  SHMB/Engimer  09055 
USASETAP 

ATTN:  AESE-EN-D  09019 
ATTN:  ACSEN  09168 
ATTN:  AESE-VE  09168 

8th  USA.  Korea 

ATTN:  DEH  (19) 

ROK/US  Combined  Forces  Command  96301 
ATTN:  EUSA-HHC-CFCVEngr 

USA  Japan  (USARJ) 

ATTN:  DEH-Okimwa  96331 
ATTN:  DCSEN  96343 
ATIN:  HONSHU  96343 

416th  Engineer  Command  60623 
ATTN:  Facilities  Engine* 

US  Military  Academy  10996 
ATTN:  Facilities  Engineer 
ATTN:  Dept  of  Geography  & 

Compute!  Sciences 
ATTN:  MAEN-A 

AMC  -  Dir.,  but.,  A  Svca. 

ATTN:  DEH  (23) 

FORSCOM  (28) 

FORSCOM  Engr,  ATTN:  Spt  Det  15071 
ATTN:  Facilities  Engineer 

HSC 

Waite*  Rsid  AMC  20307 
ATTN:  Facilities  Eng  Peer 
PL  Sam  Houston  AMC  78234 
ATTN:  HSLO-P 
Fitzsimons  AMC  80045 
ATTN:  HSHG-DEH 


INSCOM  -  Ch.  bud.  Div. 

Vint  Hill  Farms  Station  22186 
ATTN:  1AV-DEH 
Arlington  Hall  Station  22212 
ATTN:  Engr  A  Hag  Div 

Military  Dist  of  Washington 
ATTN:  DEH 

Fort  Ledey  J.  McNair  20319 
Fort  Mye*  22211 
Cameron  Station  (3)  22314 

Military  Traffic  Mgmt  Command 
Baycame  07002 
Falls  Church  20315 
Sunny  Foil*  MOT  28461 
Oakland  Army  Base  94626 

NARADCOM,  ATTN:  DRDNA-F  01760 

TRADOC  (19) 

HQ.  TRADOC.  ATTN:  ATEN-DEH  23651 
ATTN:  DEH 

USA1S 

Fort  Ritchie  21719 
Fort  Huachuca  85613 
ATTN:  Facilities  Engineer  (3) 

WESTCOM 

Fort  Shaffer  96858 
ATTN:  DEH 
ATTN:  APEN-A 

HQUSEUCOM  09128 
ATTN:  ECJ4/T7-LOB 

Fort  Bel  voir,  VA 

ATTN:  CECC-R  22060 

CECRL,  ATTN:  Library  03755 

CEWES.ATTN:  Library  39180 

HQ,  xvm  Airborne  Corps  and 
Ft  Bragg  28307 
ATTN:  AFZA-DEH-BH 

Chanute  AFB,  IL  61868 
3345  CES/DE.  Stop  27 

Norton  AFB,  CA  92409 
ATTN:  AFRCE-MX/OE 

Tyndall  AFB.  PL  32403 

APES  C/Engineering  St  Service  Lab 

NAVFAC 

ATIN:  Division  Offices  (11) 

ATTN:  Facilities  Engr  Cmd  (9) 

ATTN:  Naval  Public  Works  Center  (9) 
ATTN:  Naval  Civil  Er igr  Lab  93043  (3) 
ATTN:  Naval  Constr  Battalion  Ctr  93043 

Engineering  Societies  Library 
New  York,  NY  10017 

National  Guard  Bureea  20310 
Installation  Division 

US  G  over  is  nett  Priming  Office  20401 
Receiving/Depoaitory  Section  (2) 


Nat’i  Institute  of  Standards  St  Tech  20699 

Defenee  Technical  Info.  Center  22304 
ATTN:  DTIC-PAB  (2) 


286 

03/91 


US  Army  Env.  Hygiene  Agency 
ATTN:  HSHB  ME  21010 


